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GROWTH OF FOREIGN CELLS IN FETAL ANIMALS FACILITATED BY 
CONDITIONAL AND SELECTIVE DESTRUCTION OF NATIVE HOST CELLS 



[01] This application claims the benefit of and incorporates by reference co-pending 
provisional application Serial No. 60/411,790 filed September 19, 2002. 

[021 This invention was made with government funds firom ATP grant no. 70NANB0H3008 
from NIST, Department of Commerce. The U.S. government retains certain rights in the 
invention. 

FIELD OF THE INVENTION 

[03] The invention relates to the growth and differentiation of foreign cells within a 
manmialian host. In particular, the invention relates to chimeric manomals Oxat can be 
used to develop new drags and vaccines, as well as to produce factors, drugs, and tissues 
for transplantation. 

BACKGROUND OF THE INVENTION 

[04] Efforts to produce cells in vitro have met with lintiited success. While embryonic stem 
cells can be expanded indefinitely, it is difficult to expand differentiated cells. Moreover, 
it is currently not cost-effective to produce differentiated cells firom stem cells in vitro. 

[05] The growth of foreign cells within an animal would provide substantial value in 
biotedmology. The production, expansion and isolation of cells using a non-human 
mammalian host would provide cells for infiision and transplantation, the production of 
dmgs and factors for therapy, cells for tissue engineering and assays. The production of 
animals that are chimeric, and contain foreign cells would be usefid for transplantation, 
models of disease, and for the functional assessment of a transgene. 

[06] Two factors make it challenging to grow foreign cells in animals, however. First, the 
foreign cells normally would be rejected by the host animal. Second, the foreign cells 
would need to compete with the native cells of tiie animal. 
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[07] Cells have been grown in congenitally immune deficient animals. For example, human 
lymphocytes have been grown within SCID (severe combined inmiime deficiency) mice 
(1). These mice nomially have a deficiency of B and T cells. However, the human 
lymphocytes are not appropriately functional and do not provide a normal immune 
response (2, 3). 

[08] Transgenic mice have been used to enhance engrafbnent with foreign cells. Rhim and 
Brinster produced transgenic mice with a defective urokinase plasminogen activator gene 
controlled by an albumin promoter. The native hepatocytes in these mice were defective 
and did not survive long. The defective hepatocytes were eventually replaced when 
foreign hepatocytes, including rat hepatocytes were injected (4). This model is not 
practical, however. Mice caimot be used as a source of donor organs, hi addition, the 
pups had hypofibrinogenemia and usually died of neonatal hemorrhage (5). 

[09] SCID mice that are homozygous for urokinase plasminogen activator (uPA) have been 
engrafted with human hepatocytes (6). Due to the death of the mouse hepatocytes, the 
homozygous mice are difficult to keep alive. Heterozygous mice must be bred, and the 
homozygous offspring transplanted right after birth. The mice often die of liver failure 
before the human hepatocytes provide support. Because they lack a fimctional immune 
S3^em, however this model has lintiited value for the development of vaccines. 

[10] Braun et al used adult transgenic mice contaimng the suicide gene thymidine kinase to 
enhance engraftment with foreign cells (7). The thymidine kinase was under control of 
an albumin promoter and was expressed in the hepatocytes. The hepatocytes were normal 
until the prodrug gancyclovir was administered to adult mice. Most of the hepatocytes 
then died off, leading to regeneration with new hepatocytes. This system was an 
improvement over tiie uPA moTise model, because it permits controlled killing and 
turnover of the hepatocytes. But while engraftment was enhanced, overall survival was 
not generally improved. Following hepatic necrosis, most mice did not survive long 
enough to allow the differentiation and organization of the new hepatocytes. The small 
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size of the mouse also limits the application of this system, because chimeric livers could 
not be produced for human transplantation. 

[11] Foreign cells have been infused into fetal animals, leading to limited engraftment. For 
example, limited engraftment of hematopoietic cells has been demonstrated in fetal sheep 
and monkeys (8) and by infusion into fetal mice, sheep, and pigs (9, 10, 11). Infusion of 
human hepatocytes or stem cells into fetal pigs has resulted in only linnited engraftment 
(12). The intrauterine environment is favorable to engraftment with foreign cells, and the 
host naturally develops immune tolerance to the cells (13). The uterine environment is 
also naturally sterile. However, engraftment of foreign cells is very linMted due to 
competition with the native host cells. 

[12] While transgenic mice can be readily produced to study diseases related to a specific 
gene, it is not practical to produce large animals. For example, pigs are several thousand 
timps larger than mice and their generational time is about 10 times as long. To date, 
there has only been one herd of transgenic pigs produced for the study of human disease, 
retinitis pigmentosa (Fetters et aL, Nature Biotechnology 15, 965, 1997). 

[131 Thus, there is a need in the art for methods of engrafting foreign cells in fetal host 
animals. 

DESCRIPTION OF RELATED PATENTS 

114] U.S. Patent Number 5,672,346 to Srour et al teaches the infusion of hematopoietic stem 
cells into fetal non-human mammals leading to limited engraftment of hematopoietic 
cells. It does not provide a method for the elimination of native cells in the fetus. 

[15] U.S. Patent Number 5,411,749 to Mayo et al teaches the implantation of human 
lymphoid tissue into a mouse that is genetically immunodefident for T and B 
lymphocytes. It does not provide for conditional elimination of native cells. The 
engrafted lymphocytes have limited function. For example, they are unable to provide a 
primary immune response to an antigen. 
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[16] U.S. Patent Number 5,698,767 to Wilson and Mosier teaches the implantation of human 
leukocytes into a SCID mouse, genetically immune deficient of T and B lymphocytes. 
The engrafted lymphocytes have limited function. 

[17] U.S. Patent Number 6,211,429, "Complete oocyte activation using an oocyte-modifying 
agent and a reducing agent," to Z. Machaty and R.S. Prather, teaches the development of 
transgenic animals, including pigs, cows, sheep, mice, dogs, mice, and horses using 
nuclear transfer of cells transfected with a gene for growth hormone, placental lactogen, 
etc. It does not specifically teach the production of large transgenic animals witib suicide 
gene or the induction of selective fetal tissue injury. 

[18] U.S. Patent Number 6,147,276, "Quiescent cell populations for nuclear transfer in the 
production of non-human mammals and non-human mammalian embryos," to K.H.S. 
Campbell and L Wilmut teaches the production of transgenic animals using nuclear 
transfer. It does not specifically teach the production of transgenic animals containing 
suicide genes or the selective and conditional injury to fetal tissues. 

[19] U.S. Patent Number 6,291,740, 'Transgenic Animals," to R.D, Bremel, A.W.S. Chan, 
and J.C. Bums, teaches the production of transgenic animals using perivitelline space 
injection of the transgene. It does not teach the use of a suicide gene for selective and 
conditional injury of fetal tissue. 

SUMMARY OF THE INVENTION 

[20] One embodiment of the inv^tion provides methods for enhanced growth of foreign cells 
within non-human mammals. The methods employ conditional and controlled reduction 
of select cells within a tissue of a fetal non-human mammal, followed by regeneration of 
the tissue with the foreign cells. The destruction of the fetal cells does not affect the 
corresponding cells in the maternal host or the fordgn regenerating cells. The destruction 
of fetal cells is specific for the cells that are being replaced during tissue regeneration. 
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cells. The prodrug can be administered on mxdtiple occasions and administered after birth 
of the animals. 

[27] In yet another embodiment of the invention, select host cells are replaced wifli abnormal 
cells to produce models of human disease. The replacement cells can be from the same 
species as the host animal. In this case, the replacraient cells can be transfected with the 
abnormal gene or they can have the test gene deleted C*knocked ouf 0- The replacement 
cells can be from the same or from a different species, such as from a human with a 
congenital enzyme abnormality. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[28] FIG. 1 . Western blot analysis of TK expression under the control of different promoters. 
[29] FIG. 2. Genetic constructs for suicide transgenes. 

DETAILED DESCRIPTION 

Overview 

[30] To achieve significant replacement of native cells in a host animal wifli foreign cells, it is 
preferable to selectively eliminate native cells of the host animal in a controlled fashion 
without harming ttie foreign engrafting cells. In addition, fliere should be physiologic 
support for the host animal during the period between elimination of native cells and 
engraflment with the foreign replacement cells. This invention achieves these goals by 
providing methods for selective and/or conditional destruction of cells in tissues of a fetal 
host without substantial destruction of cells in the matemal host mammal or injury of the 
foreign replacement cells less than about 50, 45, 40, 35, 30, 25, 20, 15, 10, or 5% 
loss of matemal or foreign replacement cells). The matemal host mammal provides 
physiologic support while the foreign replacement cells engraft and regenerate the fetal 
tissue. The resulting chimeric or hybrid tissue is usefid, for example, as a source of cells 
and tissue for transplantation, as well as for the production of factors and drugs for 
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therapeutic purposes. The chimeric fetal host is useful, eg., for the development of dnigs 

and vaccines. 

131] The invention also provides human cells for toxicology testing and research purposes. 
For example, human hepatocytes are in veiy short supply. Most available viable human 
cadavers are used liver transplants, and it is not possible to grow non-transformed human 
hepatocytes in culture. By growing and isolating human hepatocytes from hybrid pigs as 
disclosed herein, the invention can provide h^atocytes for research and for toxicology 
Studies. 

132] Methods of the invention provide multiple advantages for expanding and differentiating 
foreign replacement cells, including human cells, within a fetus of a non-human host 
mammal. A "fetus" is the unborn offspring of a viviparous animal. A fetus is 
distinguished from an embryo by the presence of the begimiings of all major structures 
(14). The fetal enviromnent aUows for growth of foreign replacement cells without 
immune rejection. The fetal enviromnent also is ideal for the g«>wth of new cells 
providing growth factors needed for expansion of tissues and nutritional anj 
physiological support for the temporary deficiency caused by the depletion of the target 
cells. The absence of the cellular deficiency in the maternal host is advantageous, 
allowmg the fetuses to develop to tenn. 

133] One or more tissues in the fetal host is injured and partially or completely eliminated 
makmg the tissue receptive to regeneration with foreign replacement cells. Cells of mosi 
tissues can be regenerated using methods of the present invention. A "tissue" comprises 
a group of similarly specialized ceUs that perform a common function (eg. Hver 
hematopoietic, endothelial, neuml, qrfthehal, retinal, pigment epithelial, myo^dial' 
skeletal muscle, smooth muscle, hmg, intestine, kidney, endocrine, cartilage, or bone 
ceUs). A tissue can be either solid (eg.. Uver) or dispersed (eg., blood). Tissues that can 
be regaierated according to methods of (he invention include, but are not Kmited to liver 
bone marrow, neui^ tissue, smooth muscle, skeletal muscle, cardiac muscle, skin, retinai 
pigment epitheUum. pancreatic islets. endotheUum, thymus, including thymic epitheUum, 
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lymphocytes, urogenital epifhelium, renal tissues, stem cells and progenitor cells, 
pulmonary epithelium, bronchial q>ithelium, breast tissue, cartilage, bone, intestine, and 
intestinal epithelium. 

[34] Replacing native tissue cells with foreign tissue cells, such as hepatocytes, is useful for 
many purposes. The new hepatocytes can produce therapeutic proteins. A chimeric liver 
comprising human hepatocytes is useful as a source of cells for transplantation. The 
chimeric Uver itself is valuable for transplantation and also provides a model system for 
development of therapies for diseases such as hepatitis. Human hepatocytes can be 
isolated from multiple pigs and infused into patients with chronic liver failure or 
congenital liver abnormalities. 

[35] A chimeric animal whose bone marrow cells are replaced with foreign bone marrow cells 
(e.g., human hematopoietic cells) can provide a cost effective bioreactor for producing 
human cells for transfusion, such as red blood cells, granulocytes, lymphocytes, dendritic 
cells, macrophages, megakaryocytes, platelets, etc. The chimeric animal also can be used 
as a model system for modulating the human immune response to antigens and for the 
development of new vaccines. 

[36] Foreign neural cells can be produced in host mammals for transplantation into patients 
with neurodegenerative diseases or spinal cord injuries. 

[37] Replacement of fetal host skin epithelium with foreign epithelium, including human 
epithelium, is a cost-effective method of producing skin for treatment of wounds, ulcers, 
and bums, for toxicology studies, and for the development of drags and vaccines for 
pathogens that selectively infect human skin, such as the papilloma virus. Epithelial cells 
are also important in development of tolerance in the thymus. The development of human 
urogenital epithelium can be used in the reconstruction and transplantation of urinary 
bladders, urethras, and ureters. 

[38] Retinal pigment epithelium, such as human retinal pigment epithelium, produced in the 
fetal host mammal can be used to treat macular degeneration. 
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The replacement of pancreatic islets with foreign islets, including human islets, is 
valuable for transplantation into patients with diabetes. 

Endo&elial cells express many of the transplant antigens responsible for rejection. Thus, 
the replacement of fetal host mammal endothelial cells with foreign endothelial cells 
would be valuable for the transplantation of vascular organs such as hearts, lungs, 
kidneys, etc. 

The replacement of host renal epithelial cells with foreign replacement cells such as 
human renal cells would produce better xenografts for transplantation, for production of 
human erythropoietin, and for control of blood pressure. 

The growth of foreign stem ceUs and progenitor cells in place of the corresponding fetal 
host cells would be useful as a cost-efifective bioreactor for the production of 
multipotential stem cells for stem cell therapy. 

The replacement of puhnonaiy and bronchial epithehum with foreign replacement cells 
such as human puhnonaiy and bronchial epithelium would produce valuable organ 
transplants for the treatment of disorders such as chronic puhnonaiy failure and cystic 
fibrosis. 

The replacement of breast epithelial cells with foreign r^lacement cells would be 
valuable for the production of therapeutic factors. The foreign replacement cells would be 
transfected for the desired protein. The protein could be easily harvested from the milk of 
a chimoic animal. 

The growth of foreign cartilage and bone ceUs in host mammals would be useful for 
reconstructive surgery, as well as for the development of new drugs to treat disorders 
such as arthritis. 



Human intestinal q)itheUal xenografts can be grown and used to treat congenital short 
sjoidrome and chronic intestinal diseases such as Crohn's Disease. 
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Transgenic animals and host animals 

[47] Fetal and maternal host aimnals preferably are non-human mammals, such as non-human 
primates, artiodactyls, carnivores, rodents, or lagomorphs. Large mammals, such as pigs, 
sheep, cows, or non-human primates, are useful for producing organs or large numbers of 
cells suitable for human transplantation. Non-human primates are suitable from the 
standpoint of organ function and similarity to human cells. Amino add sequencing of 
proteins typically demonstrate 90 to 98% homology with humans. While some of the 
lower primates, such as lemurs, have short gestation periods (132-134 days), the higher 
primates (chimpanzees, gorillas) have gestation periods approximating that of humans 
(267 days). 

[48] The artiodactyls (even-toed ungulates) include several domesticated animals such as pigs, 
sheep, goats, and cows. Many of their organs are similar to those of humans and have 
been shown to function within humans or non-human primates. The gestation periods 
vary between the members of this order. Pigs have a period of 114 days. Sheep have a 
period of 145 days. Cows have a gestation period of 282 days. Pigs, sheep, and cows 
offer specific advantages as a host animal. Pigs have large litters and short gestation 
periods. Fetal lambs are easy to inject with foreign replacement cells. Cows produce large 
offspring providing the potential for greater expansion. Also cells infused into one calf 
may circulate to the other calves through shared placental circulation. The pig is a 
preferred host 

[491 Th© carnivores, including dogs, cats, etc., have several features that are potentially 
advantageous. Many have short gestation periods (cats about 65 days, dogs about 63 
days), and their newborn are relatively well developed. Cats and dogs are often used as 
models of physiology and transplantation (22, 23). 

[50] Rodents, including rats, mice, etc., are useful for engraftment with foreign replacement 
cells because of their short gestation periods and rapid growth to maturity. For example, 
rats have a gestation period of only 21 days and grow to maturity in only 6 weeks. It is 
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relatively easy to produce transgenic rodent animals, including knockout animals with 
deletion of a gene. Lagomoiphs, which include rabbits and hares, share with rodents a 
very short gestation period and short maturation periods. Their larger size, however, 
make these animals better for producing larger organs and achieving greater expansion of 
the foreign replacement cells than the rodents. 

[51] Fetal hosts can be obtained by mating a transgenic male animal with a non-transgenic 
female ammal. A "transgenic animal" comprises a "transgene," i.e., a gene that did not 
original in the transgenic ammal (a foreign gene). A transgene may or may not be 
integrated into DNA of a host cell. The transgene preferably is integrated into the DNA 
of the transgenic animal's germ cells. 

[52] TVansgaiic animals can be made by any method known in the art, including nuclear 
transfer, intracellular sperm injection, and perivitelline space injection (33, 34). Either 
the male or female parent can cany the transgene and can be either heterozygous or 
homozygous, hi one embodiment, a non-transgenic female mammal is bred with a 
transgenic male mammal containing a suicide transgene whose expression is controlled 
by a tissue-specific promoter. A transgenic male should be fertile and produce spenn 
with the suicide transgene in the genome. Preferably, the male is homozygous for the 
suicide transgene, so that all of the fetases would then be heterozygous for Ihe suicide 
gene. Heterozygous males can be used, though only one half of the fetuses would 
contain Hhe suicide transgoie. 

[53] If the prodrug is to be administered systemically to the maternal host, such as by injection 
into a sow, then a male transgenic animal should be bred with a wUd-type, non-transgenic 
maternal host. Then, only the fetuses would express the suicide gene product. OptimaUy, 
a transgenic male would be homozygous, expressing the gene on both somatic 
chromosomes. Then all of the fetuses would cany the suicide gene in a heterozygous 
manner. The transgaiic animal could be heterozygous as well, but only a portion of the 
fetuses would express the suidde gene. 
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• 154] For example, to grow human liver cells (hepatocytes) in pig livers, a non-transgenic 
female pig (gilt or sow) would be bred with a transgenic male pig (boar) a suicide gene 
controlled by a liver specific promoter such as an albumin or an otrfetoprotein promoter. 
The fetal pigs then express the suicide gene product in the target tissue, but the gilt or 
sow does not express it Other tissue-specific promoters are known in the art and can be 
used as appropriate, such as the breast specific promoter for the whey addic protein gene, 
tyrosinase related promoters (TRP-l and TRP.2), DF3 erdiancer, TRS (tissue specific 
regulatory sequences), tyrosine hydroxylase promoter, adipocyte P2 promoter, PEPCK 
promoter, CEA promoter, and casein promoter. 

Destruction of fetal target cells 

155] Tissue and cellular depletion in the fetus leads to an advantageous enviromnent for 
regeneration, by providing space in the tissue for new cell growth, production of growth 
factors favorable to cellular growth, protection from injury by the immune system, and 
protection from infection. 

m IdeaUy, the injury should be as early as possible without causing the death of the fetus. 
The fetal tissue should be subjected to injury and cellular depletion at a stage of gestation 
between the initial fetal development of the tissue and the birth of the host animal. The 
selective and conditional destruction of fetal target cells can be accompHshed in various 
ways. For example, one could take advantage of the increased saisitivity of 
hematopoietic ceUs to radiation and administa- localized radiation to the fetuses before 
infusing the replacement cells. Alternately, sevwal proteins have been associated with 
early hematopoietic stem ceUs and progenitor cells, such as CD34 (23) and o-kit receptor 
(24). Transgenic mammals could be produced Aat express a suicide gaie under the CD34 ' 
or c-kit recqrtor promoter. If a transgenic mammal is used with the suicide gene 
expressed universally, flie prodrug can be deUvered with liposomes containing stem ceU 
fector (specific for the c-kit receptor) or an antibody to CD34. 
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[57] Preferably the fetus is a chimeric animal with one transgenic and one nonnal pai^t. 
Typically, the male parent is a transgenic animal that expresses a suicide gene. A 
"suicide gene" is a gene that encodes an enzyme that converts a nontoxic prodrug into an 
active toxin that causes apoptosis. The suicide gene is typically viral or prokaryotic. 
Examples of suitable suicide genes include, but are not limited to, thymidine kinase 
(either wild-type or comprising a mutation), cytosine deaminase, carboxylesterase, 
carboxypeptidase. deoxycytidine kinase, mtioi^iuctase. guanosine xanthiii 
phosphoribosyltransferase. purine nucleoside phosphoij^ase, and thymidine 
phosphorjdase. In the absence of the prodrug, expression of the suicide gene preferably 
has no toxic or othw adverse effects on nonnal cellular metaboUsm (15). 

Various prodrugs are available for selectively killing kiU that express the corresponding 
suicide gene product. ITie products of the suicide genes act on a prodrug, converting them 
into a toxin. In the absence of the suicide gene product, the prodrug is relatively 
innocuous. Examples of prodrugs for thymidine kinase include gancyclovir, 6- 
methoxypurine arabinoside, and (E)-5-(2-biomovin3d)-2' deoxyuridine. An Example'of a 
prodrug for cytosine deaminase is 5-fluoiocytosine. An example of a prodrug for 
carboxj^esterase is irinotecan. A prodrug for carboxypeptidase is 4-([2-chloroethyl][2. 
mbsyloethyi]aniino)b«izyol-L.gIutamic add. Examples of prodrugs for deoxycytidine 
kinase include 4.ipomeanol cytosine arabinoside and fludaiabine. Examples of prodrugs 
for guanosine-xanthin phosphoribosyl transferase include 6-thioxanthine and 6- 
thioguanine. An example of a prodrug for nitroreductase is 5-aziridin-2,4- 
dinitrobenzamidine. An example of a prodrug for purine nucleoside phosphorylase is 'e- 
methylpurine deoxyribonucleoside. Examples of prodrugs for thymidine phosphorjdase 
include 5»-deoxy-5-fluorouridine and l-(tetraliydrofuryl).5-fluorouraca. 

The piefened embodiment for selectively and conditionally injuring fetal cells is to 
administer a prodrug to a fetal transgenic non-human mammal in a manner that injures 
cells of the target tissue without causing injury to the maternal host or to the foreign 
replacement cells regenerating the tissue. The transgenic mammal expresses a suicide 
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transgene product in cells of tiie target When exposed to the corresponding prodrug, 
these cells die. 

[60] The presence of the suicide gene product in the appropriate fetal tissue can be established 
by sampling tissues from fetal transgenic mammals and analyzing them with Westem 
blots with spedfic antibodies. 

[61] If desired, subpopulations of target cells such as hematopoietic cells can be targeted. For 
example, B cells can be targeted in transgenic animals carrying a suicide transgene under 
the control of a CD19 promote or by delivering the prodrug with immunoliposomes 
directed to the CD19 antigen. Nerve tissue can be removed surgically. Transgenic 
manomals Transgenic mammals using a promoter or inmiunoliposomes specific for fetal 
nerve tissue, such as calbindin-D28k, can be used (26). 

[62] Myoblasts difTerentiate into smooth muscle, skeletal muscle or cardiac muscle 
(cardiomyocytes). Selective destruction of the respective muscle can be accomplished by 
targeting specific promoters or antigens, such as sarcolemmal extracellular ATPase for 
smooth muscle (27), ryanodine receptor in skeletal muscle (28), and ventricular myosin 
light chain for cardiac muscle (29). Epithelial cells can be targeted based on the 
respective cytokeratins. Fetal retinal pigment epithelium can be removed surgically or 
targeted based on related proteins. Native pancreatic islets could be depleted with 
streptozotocin (18), or the beta cells could be targeted based on specific proteins, such as 
the insulin promote. Endothelial cells can be targeted based on the promoter for von 
Willibrand's factor or antibodies to specific adhesion molecules such as ICAM-2 (30). 
Renal cells can be ablated with a suicide gene under a kidney specific promoter or 
antibodies to renal antigens. Native breast ductal cells can be targeted using breast 
specific promoters and antigens, such as 24-17.2 (31). Host intestinal epithelial cells in 
the base of the intestinal crypts are radiosensitive and express unique antigens (32). 

[63] The suicide gene product preferably is expressed in the appropriate tissue of the fetal host 
mammal at a level sufficient to be sensitive to a prodrug. The optimal dose of a prodrug 



14 



wo 2004/027029 




CT/US2003/029251 



depends on the prodrug, the particular suicide grae, flie level of suicide gene expression 
in the target cells, zygosity of fee fetal mammal, route of administration, and placental 
transport. Optimal doses can readily be determined by administering increasing doses of 
the prodmg to the pregnant mammal, assessing the effect on the target cells using 
standard pathology methods and assessing the effect on fetal survival using ultrasoxmd 
and pathology techniques. The optimal dose would produce significant cell injury (>20%) 
with a minimimi of fetal deaths (<1 5%). For example, when pregnant mice carrying fetal 
mice heterozygous for thymidine kinase under the albumin promoter (expressed in the 
liver) were injected with increasing doses of gancyclovir, it was found that an intravenous 
injection of 25 mg/kg produced significant hepatocyte necrosis but the fetal pups 
survived. At 50 mg^g and higher, the fetal mice died. 

[64] The prodmg is administered to the fetal host at a gestation period when the target tissue is 
present and smcide gene is expressed in the fetal host, generally between the end of the 
first trimester and before birth of the animal. If the tissue-spedficity is detemiined by the 
tissue-specific promoter, the timing may also be influ^ced by production of the 
transgene products. For example, the otrfetoprotein promoter is expressed in fetal 
hepatocytes. So the appropriate prodrug would deplete a portion of the fetal hepatocytes. 
AFP is also expressed in the yolk sac (19). Therefore, it would be preferable to delay 
administration of the prodmg imtil the yolk sac becomes insignificant, at the end of the 
first trimester. 

[65] Prodrags that cross tiie placental barrier can be administered to the maternal host Such 
drugs include gancyclovir (thymidine kinase), fludarabine (deoxycytidine kinase), and 1- 
(tetrahydrofuryl)-5-fluorouracil (thymidine phosphorylase). The placental transport of 
the proposed prodrug can readily be determined empirically. Following systemic 
administration to the matemal host, fetal tissues can be sampled for levels of the prodmg. 
With transgenic animals, the prodmg is administered systemically and the cellular injury 
in the fetal tissues can be assessed by standard histology. A dose response study 
establishes the optimal dose of prodrug, which produces significant tissue injury wifli 
maximum survival of the fetuses. 
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[66] Prodrugs that do not cross the placental barrier can be administered directly to the fetal 
host. Methods for administering drugs to fetuses are known in the art. For pigs, for 
example, the optimal dose of gancyclovir is about 25 mg/kg (ranging from about 5 mg/kg 
to about 1000 mg/kg), and is administered at approximately 45 days gestation (from 
about 25 to 114 days). 

[671 The specificity of destroying the fetal target cells without injuring the foreign 
replacement cells or maternal host cells also can be accomplished in other ways. In 
another anbodiment, transgenic fetal animals comprising a suicide transgene under the 
control of a universal promoter express the suicide gene product in all tissues. Suitable 
universal promoters include the MoMLV LTR, RSV LTR, Friend MuLv LTR, 
adenovirus promoter, neomycin phosphotransferase promoter/enhancer, late parvovirus 
promoter, Herpes IK promoter, SV40 promoter, metallothionen Ila gene 
enhancer/promoter, cytomegalovirus immediate eaiiy promoter, and cytomegalovirus 
immediate late promoter. Optionally, an inducible promoter can be used, e.g.^ a 
metallothionein gene promote. Liposomes comprising a tissue-specific targeting ligand 
specific for the fetal target cell or inmiunoliposomes comprising a surface antibody that 
specifically binds to an antigen on a target cell are then injected into the fetal animal. 
The methods for production of liposomes and immunoliposomes containing prodrug are 
described in the literature (36, 17). 

[68] Specificity for the target tissue is determined by tiie ligand or antibody on the surface. 
The specific antibody or ligand would be determined by the system used. For example, 
to deplete fetal hepatocytes, liposomes would be produced carrying a ligand for the 
asialoglycoprotein receptor expressed on hepatocytes. The fetal tissues would be killed, 
but the other fetal tissues would not be affected because they do not have the receptor. 
The regenerating cells would not be affected because fliey would not contain the suicide 
gene product. The maternal hepatocytes would not be affected because of limited 
transport of the liposomes across the placenta. 
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The liposomes would not affect the foreign replacement cells that do not express the 
suicide gene product. The liposomes would not significantly affect the maternal host 
because either the maternal host does not express the suicide gene product or the 
Uposomes do not cross the placental membrane into the maternal circulation. 

The appropriate prodrug can be contained within the liposomes or immunoliposomes or 
can be administered separately. The optimal dose of a particular prodrug and the optimal 
dose of liposomes or immunoliposomes can be detennined as described above. 

[71] For example, to replace pig hepatocytes with human hepatocytes, Ixansgenic pigs can 
comprise a suidde gene, such as thymidine kinase, under the control of a universal 
promoter, such as a CMV promoter. The transgenic pigs (either female, male, or both) 
are bred. Liposomes are produced containing gancyclovir (optimal dose about 50 pM. 
range about 2 to about 500 nM). fa another embodiment, transgenic pigs comprise I 
. cytosine deaminase suicide gene under the control of the umveraal promoter. The 
Uposomes or immunoUposomes contain 5.fluorocytosine (about 2 to about 500 jiM). The 
liposomes or immunoliposomes can have a galactosylated surface that contains 
cholesten-5.yloxy-NK4.((l.imino.2.B^-thiolgalactos.ylethyl)a^^ 
(Gal-C4.Chol), which binds specifically to the asialoglycopiotein receptor expressed on 
the surfece of hepatocytes (17). Alternatively an antibody that specifically binds to an 
asialoglycoprotein recqjtor can be linked to a liposome, for example using a polyethylene 
glycol link. The Uposomes or immunoUposomes are injected into the fetal pig at about 45 
days (range about 25 to about 114 days) or at the equivalent gestation period for other 
iion-human mammals. Foreign replacement cells can be injected simultaneously or at a 
time shortly before or after fhe liposomes or immunoliposomes. 

[72] When a transgenic male is bred with a non-transgeoic female, the suicide gene product is 
expressed only in the fetuses. It is not expressed in the maternal host or in the 
r^enerating foreign replacanent ceUs. Administration of a prodrug leads to destruction 
of fhe select fetal tissue cells. 
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[73] In another embodiment, the transg^c mammals express the suicide gene product in 
most or all tissues. The specificity for the target cells is accomplished by placing the 
prodrug in the fetal mammal in a maimer that it enters primarily the target cells. 

[74] In anotiier embodiment, transgenic non-human mammals express the suicide gene 
product in most or all tissues. Specificity for the target cells can be accomplished by 
providing the prodmg directly to the tissue containing the target cells. For example, if 
the fetal hosts express thymidine kinase in all cells, including hepatocytes, the prodrag 
gancyclovir can be injected under ultrasound guidance into the liver, where the prodmg 
would kill the hepatocytes. 

[75] There are also methods for selectively and conditionally injuring and destroying fetal 
cells and tissue that do not use transgenic animals. In one implemmtation, the fetal cells 
would be transfected with gene therapy using a vector carrying ttie suicide gene. This 
could be a viral vector such as a defective adenovims, or a non-viral vector such as 
liposomes or naked DNA. 

[76] The fetal tissues could be surgically removed. For example, much of the liver could be 
removed by . surgically resection. This would lead to regen^tion of the liver with the 
new cells. 

[77] Fetal cells also can be depleted by chemical means. For example, when streptozotocin 
has been injected into fetal rabbits and sheep, it destroys the pancreatic islets, leading to 
diabetes in the fetal animals (18). However, it has relatively little effect on the maternal 
islets. 

Foreign replacement cells 

[78] "Foreign replacement cells'* are defined as cells capable of proliferating and, optionally, 
differentiating into mature cells within a tissue to regenerate the tissue. Such cells 
include differentiated cells, progenitor cells, tissue-specific stem cells, multipotent stem 
cells, and omnipotent stem cells. The cells may be from the same species or firom a 
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different species (xenogeneic) and may be primary cells or cells of a cell line. Cells from 
the same species can be used to produce factors in the chimeric animal that have 
therapeutic value. For example, pig hepatocytes can be transfected with human factor 
Vin. When these cells replace the native pig hepatocytes, the chimeric animal would 
produce human factor VIII. Chimeric animals comprising cells from a different species 
can be used as models for human physiology and disease, for the development of new 
drugs and vaccines, for the production of human factors for therapeutic use, and to 
provide cells and organs for transplantation. Foreign replacement cells may or may not 
be genetically modified. 

[791 Tissue based stem cells have the ability to proliferate and differentiate into the 
corre^onding tissue cells. For example, pancreatic duct cells can differentiate into islets 
of Langeihans. Hepatic oval cells can differentiate into hepatocytes. 

[80] Adult stem cells and certain tissue-based stem cells are known to have plasticity, being 
capable of differentiating into other types of cells. For example, hematopoietic stem cells 
can differentiate into endofhelicil cells, neurons, glia, hepatocytes, cardiomyocytes, renal 
tubular cells, pulmonary epithelium, intestinal cells, skin epithelium, bone, cartilage, 
muscle, fat, and brain (20, 21). 

[81] Embryonic stem cells have the ability to proliferate indefinitely and differentiate into any 
tissue. Either the embryonic stem cells, cell lines produced from embryonic stem cells, or 
progenitor cells derived from the embryonic stem cells or cell lines would regenerate the 
injured fetal tissue. 

[82] Typically, foreign replacement cells are injected into the fetus in a sterile manner using 
technology known to those active in the field. The cells should be of sufficient number to 
regenerate the tissue. Generally more cells are more effective than fewer cells. The cells 
capable of regenerating the tissue should be present at a time following the injury and 
destruction of target host cells. They may be injected before the injury, provided that they 
survive until after flie injury occurs. Optimally, the cells should be placed in the fetal host 
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before the birth of the host mammal, in order to benefit from the protection provided to 
the fetus by the maternal host and immune hyporeactivity to the foreign replacement 
cells. 

[83] For example, human cells capable of regenerating the liver, such as hepatocytes, liver 
progenitor cells, or hematopoietic stem cells, can be injected into fetal pigs. The optimal 
number of cells injected depends on the source and can be determined empirically using 
routine screening methods. For pigs, optimally the cells are injected at 52 days gestation 
or seven days after the prodrug (range 25 to 114 days gestation). The optimal dose of 
human hepatocytes is 5 x 10^/pig (range 1 x 10^ to 5 x 10^ cells/pig). The optimal 
number of liver stem cells is 5 x 10^/pig (range 1 to 5 x lOVpig) (16). « Bone marrow and 
cord blood provides a source of pluripotential progenitor cells that can differentiate into 
hepatocytes. The optimal dose of cord blood is 2.5 x 10^ nucleated cells/pig (range 1 x 
10^ to 10^). The cells preferably are injected using a sterile technique. Ultrasound 
guidance can be used. The injection technology is generally known to those familiar with 
the art. 

Methods for separating and enriching a foreign replacement cell population from a 
mixture of foreign replacement cells and host mammal cells 

[84] The invention provides methods for efficiently removing host cells from a cell suspension 
containing both host cells and foreign replacement cells. For example, if human 
hepatocytes were grown within a fetal transgenic non-human mammal containing a 
suicide gene product, it would be advantageous to separate the non-human mammal cells 
from the human cells. The human cells could then be used, for example, for 
transplantation into patients. Human cells also can be used in devices; for example, 
human hepatocytes can be used artificial livers, providing temporary life support for 
patients in liver failure. 

[85] In one embodiment, a mixture of cells from a tissue of a transgenic non-human manmial 
containing a suicide gene product and non-transgenic foreign replacement cells is placed 
in a liquid medium containing a prodrug for that activates the suicide gene. In the 
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presence of the suicide transgeae product, the transgenic cells die while the foreign 
replacement cells remain viable. For example, if the suicide transgene is thymidine 
kinase, gancyclovir or a gancyclovir analogue is added to the culture medium (optimally 
at about 20 pM, ranging from about 1 |iM to about 10 |iM), After a period of time (e.g., 
from about 1 to about 20 days, preferably about 7 days), the non-human mammalian cells 
would die out, leaving a suspension enriched for foreign replacement cells. Dead non- 
human manunalian cells and cell fragments can be separated from live foreign 
replacement cells using established technology well known to those skilled in the field. 

In another embodiment, non-human mammalian host cells contain a transgene that 
facilitates separation of these cells from the foreign replacement cells. For example, the 
transgene can encode green fluorescent protein (GFP). The non-human mammalian cells 
can then be separated from the foreign replacement cells that do not express GFP by 
fluorescence activated cell sorting. 

In another embodiment, a mixture of cells from a transgenic mammal containing a 
suicide gene product and non-transgenic foreign replacement cells is cultured in medium 
containing a prodmg for the suicide gene product. The transgenic cells die, while the 
foreign replacement cells remain viable. For example, gancyclovir or an analogue can be 
added to a culture of a mixture of human hepatocytes transgenic pig cells comprising 
thymidine kinase (optimally 100 mg/1 or 4 xnM gancyclovir , range 2 to 1000 mg/1). 
After a period of time (optimally 7 days, range 1 to 20 days), the pig cells die, leaving a 
suspension enriched for human hepatocytes. 

To purify foreign replacement cells from native host cells, the suicide gene product could 
dither be e:q>ressed in select cells under a specific promoter or expressed globally under a 
univo^al promoter. However, global expression would pemait more thorough 
purification. In the above example, pig cells with the suidde gene under an albumin 
promoter would permit elinunation of the native hepatocytes, the primary contaminating 
cell. A suicide gene controlled by a universal promoter, however, would help eliminate 
other cells as well, including endothelial cells, Kupfer cells, etc. 
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[89] There are multiple methods for sq)arating dead cells from viable cells. If viable cells 
adhere to the culture flask, dead cells can be removed by removing the media and 
washing the adherent cells with media. Dead cells also can be removed by centriftiging 
the mixture over a density gradient. 

[90] Other transgenes can also facilitate depletion of the native cells from the foreign 
replacement cells, such as new antigens allowing for antibody mediated separation, 
ligands for receptors, and proteins that chelate iron, allowing for magnetic removal. 

[91] A mixture of cells procured from the chimeric host manmial to determine the presence 
and amount of host mammalian cells remaining after purification procedures. Cells from 
the transgenic mammal contain a unique transgene in the genome, allowing for sensitive 
polymerase chain reaction assays using primers specific for the transgene. Routine and 
quantitative PGR assays are well known to those in the field. Expression of transgene 
products permits easy quantitation of the remaining cells. For example, the expression of 
green fluorescent protein in the host mammalian cells permits quantitation of the host 
cells by flow cytometry. 

Normal maternal host comprising a fetus having a targeted cellular injury 

[92] The invention provides a normal matemal host comprising a fetal non-human mammal in 
which one or more targeted cellular injuries has been induced. The cellular injury in the 
fetus is conditional and can be induced at tiiie discretion of the user. This provides an 
efficient and cost effective bioreactor for growing foreign replacement cells, including 
transfected cells for production of therapeutic factors, models for the study of disease and 
development of dmgs and vaccines, and a source of cells and organs for transplantation. 

[93] The combination of normal maternal host and fetal non-human mammal comprising such 
a cellular injury provides advantages for growing foreign replacCTient cells within the 
fetal host, including a structural framework for regraeration with foreign replacement 
cells with space for the foreign replacement cells, appropriate growth factors, physiologic 
support from the matemal host, protection from immune rejection, and a sterile 

22 




194] 



WO 2004/027029 ^_ ^_ 

^^CT/US2003/029251 

environment The host species should be fertile and able to reproduce. Inju^r to target 
tissue in the fetal non-human mammal can be conlxoUed by the user and can be specific 
for select cells in the fetus but not in the maternal host or regenerating cells. Such a fetus 
can continue to Uve for an extended period within the uterus of the maternal host 
mammal. The fetus preferably is receptive to the placement of regenerating cells during 
fetal development 

All patents, patent applications, and references cited in this disclosure are expressly 
mcoipoiated herein by reference in their entireties. The above disclosure generally 
describes the present invention. A more complete understanding can be obtained by 
reference to the following specific examples, which are provided for purposes of 
lUustmtion only and are not intended to limit &e scope of the invention. 

EXAMPLE 1 

Growth of human hepatocytes in fetal pigs 

[951 TT,ese studies demonstrate that human hq,atocytes survive in fetal pigs and produce 
human liver proteins. 

[96] Pig livers can provide temporary support for patients with acute liver feilure. Because 
many proteins produced by the Hver are species specific, howev^. these xenografts might 
not be adequate for long-temi support To produce chimeric pig Uvers repopulated in 
part with human hq,atocytes, fetal pigs were infiised with human hepatocytes. 

[97] Human hq,atocytes were injected into the livers of pre-immune fetal pigs (45 days 
gestation) using ultrasound guidance. Frozen and thawed human hepatocytes were 
infused into 8 piglets (2 or 5 xlO^ cells) from two Utters. The two piglets of another Utter 
were mfiised with human hepatocytes transformed with SV40 (10 x 10« ceUs) After 
Growing, a fourth litter was euthanized at 5 days and the tissues analyzed. Piglets of the 
first three litters were followed by testing fteir sera for human liver proteins. Alpha-1 
antitrypsin (al-antitrypsin) was detected with Western Blots. Serum amjioid A (SAA) 
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was quantified by ELISA. Tissues were evaluated using PGR to detect class I human 
leukocyte antigen in the major histocompatibility complex and inomunoperoxidase 
staining using a monoclonal antibody to detect human albunodn. 

[98] Two injected pigjlets firom the first litter were stillbom. Their tissues, however, contained 
human DNA. The otiber three injected pigs were healthy, as were the five chimeric pigs 
firom the otho: two litters. All showed evidence of human hepatoc34es, with levels of 
human SAA at 0.1% to 0.9% of normal hirnian levels. Alpha-1 antitrypsin was assessed 
in tiie serum of three pigs, which had levels of al -antitrypsin between 1 and 22% of 
normal human levels. 

[991 The spleens of all five pigs firom the first litter contained human DNA. 
Immtmoperoxidase staining of tissues of the euthanized pigs for human albumin showed 
individual human hepatocytes in the spleen and scattered lobules in the liver. The lobules 
had a normal sinusoidal architecture. SAA was detected in the sera of the other five pigs 
for up to 90 days (as long as these pigs were followed). 

[100] These studies demonstrate that human hepatocytes survive in fetal pigs and produce 
human liver proteins. Based on tihie cells observed in the liver and spleen, it is estimated 
that the human hepatocytes expanded 29- to 90-fold. Apparently, the native pig 
hepatocytes limited the engraftment of the himian cells, because engraflment of human 
cells amounted to less than 3% of the pig liver. 

EXAMPLE 2 

Growth of human hepatocytes from marrow or cord blood cells in fetal pigs 

[101] This example demonstrates that both human bone marrow and cord blood are appropriate 
sources for hepatocytes. 

[102J Hematopoetic stem cells demonstrate plasticity, with the ability to differentiate into 
somatic cells. In this study, human marrow or cord blood cells were infiised into fetal 
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pigs. The resulting chimeric pigs ware assessed for evidmce of human hepatocytes and 
serum proteins secreted by the human hepatocytes. 

[103] Human marrow cells (1.5 to 3 x lO'^/pig) or cord blood cells (1-1.5 x lO'^/pig) were 
injected into the livers of pre-immune fetal pigs (45 dsys gestation) using ultrasound 
guidance. The marrow was depleted of 75% of the CD4"** and CDS'** T cells. The pigs 
were delivered by Cesarean section at temi. At 1 to 2 weeks of age, serum was evaluated 
for human serum amyloid A (hSAA) and human albumin (hAlb) using an ELISA. 
Paraffin-embedded sections of liver were stained by immunoperoxidase for human 
albumin using an inmiunoperoxidase method. 

[1041 Serum was available firom 17 pigs injected with human marrow and 13 pigs injected with 
cord blood cells. Fourteen of the marrow-injected pigs were considCTcd chimeric. The 
concentration of hSAA was 62 +/.152 ng/ml for the marrow-injected pigs. The human 
albumin in the marrow-injected pigs was present at an average concentration of 7 +/- 8 
(ig/ml. Immunohistochemistry of liver sections demonstrated lobules of hepatocytes 
expressing human albumin, with apparent cellular expansion. The hepatocytes showed 
normal sinusoidal architecture. The periportal regions, however, did not contain 
hepatocytes expressing human albumin. The area of tissue stained was less than 3% of 
the total. The pigs injected with human cord blood cells showed similar results. 

EXAMPLE 3 

Expression of a suicide gene product in a cell line and sensitivity to a prodrug 

[1051 This example shows that selective expression of a suicide gene product and selective 
killing of target cells can be controlled by a tissue-spedfic promoter. 

[1061 Liver cell lines were transfected with suidde genes controlled by either an albumin or an 
otrfetoprotem promoter. Albumin and ctrfetoprotein are expressed primarily in 
hepatocytes, with a-fetoprotein expressed more in immature hepatocytes and liver 
carcinoma lines. 
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1107] Mouse and human liver cell lines were transfected with constructs containing delta 
thymidine kinase under the control of either a porcine albumin or o-fetoprotein (AFP) 
promoter. The mouse cell line (TIB73) is a line of mature hepatocytes in which albumin 
is expressed. The human ceU line (Huh-7) is a line of hq)atocellular carcinoma cells that 
express predominantly AFP. The transfected cells were tested for thymidine kinase by 
Western blot. 

[108J To assess the function of mutated thymidine kinase, Huh-7 cells wae stably transfected 
with AlbxTK. Transfected cells were selected using 200 jig/ml Zeocin. Transfected cells 
as well as untransfected cells were plated in dupUcate in 24-well plates at a 40 percent 
confluence ratio. Gancyclovir was added to the cells in the culture media at different 
concentrations (4 ^M, SjiM, and 16 fiM). After 5 days, the cells were trypsinized, 
washed twice in PBS. and stained with propidium iodine for FACS analysis. 

[109] As shown in FIG. 1, thymidine kinase was expressed by both the mouse hepatocyte line 
(TIB73) and the human hepatocellular cardnoma line (Huh-7). Expression with the 
albumin promoter was greater with the mature hepatocyte line, while the expression with 
the a-fetoprotein promoter was greater m the hepatocellular carcinoma line. While PGR 
analysis demonstrated flie presence of the transgene in non-Uver lines (fibroblasts, renal 
tubular epiAeKal Ime PK-15) transfected with these plasmids, expression of thymidine 
kinase was not observed by Weston blot. 

[110] Incubation with 8 or 16 jiM gancyclovir caused significantly more ceU death at 5 days, 
nie Huh-7 cells were entirely killed at 7 days. Gancyclovir had only a minimal effect on 
non-transfected cells. 

EXAMPLE 4 

Selective destruction of fetal hepatocytes in using a suicide gene under control of a 
tissue-specific prontoter •' 

[111] This example demonstrates that selective tissue injury of the target cells can be produced 
in a fetal host using a suicide transgene under the control of a target tissue-specific 
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promoter without significantly affecting the maternal host. It also demonstrates 
production of fertile males that carry the transgene and that the prodrug gancyclovir 
crosses the placental barrier to cause injury in the fetal target tissues. 

[112] Transgenic xmce were produced with the FVB strain containing the mutated thymidine 
kinase transgene under the albumin promoter. The males firom the F2 generation were 
fertile and homozygous. These males were bred with non-transgenic FVB mice. At 14 
days gestation, gancyclovir (0 to 100 mg/kg body weight) was injected intravenously into 
the pregnant mice. Tissues from the mothers and fetuses were analyzed by histology. 

[113] No injury was observed in the fetuses or mothers injected with vehicle. At 25 mg/kg, the 
fetal mice had partial neorosis of the hepatocytes. At 50 and 100 mg/kg, there was 
massive hepatic necrosis. There was no observable injury to the hepatocytes of the 
mother or to the non-liver tissues in the fetal mice at any dose. 

EXAMPLE 5 

Immunoliposome delivery of prodrug to cell lines containing a suicide gene product and 
an appropriate surface antigen 

[114] One implementation of the invration uses transgooic host mammals that express the 
suicide gene product in all tissues. Tissue-spedficity is provided by inomunoliposomes 
carrying an antibody or liposomes with a ligand specific for a select receptor. This 
example demonstrates the relative specificity provided by immunoUposomes. 

[115] hnmunoliposomes were produced with mouse anti-pig Class I SLA antigen on the 
surface and containing gancyclovir at concentrations firom 0 to 100 )iM. The 
inununoliposomes were incubated with cell cultures of PK*15 (pig renal tubular cell line) 
transfected with thymidine kinase under the control of a universal promoter or with Huh- 
7 (himian hepatocyte line) with thymidine kinase under the control of an a-fetoprotein 
promoter. 
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[116] The immimoliposomes killed cells from the pig cell line, which expresses class I SLA 
antigen, in a dose response manner. The immunoliposomes did not significantly affect 
the human cell line, which contained the suicide gene product but not tibe class I SLA 
antigen. Immunoliposomes without gancyclovir did not affect either cell line. 

EXAMPLE 6 

Development of transgenic pigs containing a suicide gene 

[117] This example demonstrates the construction of herds of transgenic pigs containing 
suicide genes. 

[118] Briefly, fibroblasts from 35-day-old fetal pigs were cultured and then transfected with a 
suicide transgene (either a mutated thymidine kinase or cytosine deaminase) using 
electroporation. Colchicine was added to arrest the transfected fibroblasts in G2/M 
phase. Swine oocytes were cultured, and the polar bodies were removed. Transfected 
fibroblasts were inserted into oocytes using a micromanipulator. Following activation, 
embryos were implanted into surrogate sows at estrus. The litters were monitored by 
ultrasound. At term, the pigs were delivered by Caesarean section. 

[119] Cord blood from the transgenic pigs were analyzed for the presence of the transgene 
using PCR. The transgenic pigs were bred, and the Fl and F2 fetal pigs were analyzed 
by Western blot for the presence of the suicide gene. Sensitivities to the corresponding 
prodrug (gancyclovir for thymidine kinase, S-fluorocytosine for cytosine deaminase) 
were assessed in other sows carrying the suicide gene. 

[120] The genetic constracts were used for the suicide transgenes are shown in FIG. 2. The 
nucleotide sequence of a porcine albumin promoter is shown SEQ ID NO:l. xTK is a 
mutated version of a Herpes simplex virus (HSV) thymidine kinase gene that was 
mutated by two roxmds of site-directed mutagenesis, resulting in the replacement of 
adeno^e for cj^osine at nucleotides 130 and 180, to prevent male sterility. The 
nucleotide replacements resulted in a codon change such that a leucine replaces a 
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methionine. These changes do not affect the enzymatic activity of the gene, because the 
catalytic pocket is located far away from the mutations. The four constructs also contain 
green fluorescent promoter under a universal promoter. This aids in the analysis of 
chimeric animals and in the separation of native pig cells from foreign replacement cells. 

[121] Three transgenic male pigs with the Alb-xTK transgene were delivered. Western blot 
analysis of fetal Fl pigs demonstrated the presence of thymidine kinase in the liver. 
Transgenic pigs were delivered and raised with the AFP-cytosine deaminase transgene, 
CMV-xTK transgene, or CMV-cytosine deanmiase transgene. Westem blot analysis 
confirmed expression of the product of the AFP promoter-controlled transgene in the 
fetal liver and of CMV promoter-controlled transgene in multiple tissues (liver, lung, 
heart, brain). 

[122] The four herds of transgenic pigs are the first transgenic pigs containing suicide genes. 
This is the first use of porcine tissue-specific promoters (albumin and a-fetoprotein), and 
the first pigs containing the mutated thymidine gene* 

EXAMPLE? 

Enhanced engraftment of htanan hepatocytes in fetal pigs with suicide transgenes after 
exposure to a prodrug 

[123] The fetal environmmt is most suitable for growing foreign replacement cells. Growth 
factors are abundant, the environment is sterile, and rejection of the foreign replacement 
cells does not occur. The maternal host provides physiologic support. However, the 
native cells severely linMt the amount of engraftment. To overcome this problem, native 
fetal pig liver cells are killed by administering the prodrag gancyclovir to the sow. 
Because the sow does not contain the transgene, tiiie sow liver cells are not affected. The 
prodrug crosses the placental membrane and kills a portion of the pig liver cells in those 
fetal pigs containing the transgene. This is followed by infiision of human cord blood 
cells, which provides a source of progenitor cells to regenerate the fetal pig liver with 
human hepatocytes. 
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[124] A non-transgenic sow is bred with a boar that is hemizygous for a mutated thymidine 
kinase transgene under the control of an albumin promoter. Pregnancy is confirmed with 
ultrasound and gancyclovir (100 mg/kg, i.v.) is administered at 40 days gestation. A 
laparotomy is performed at 45 days. Each pig is infiised with 10x10^ human cord blood 
cells. The piglets are delivered at term by Caesarean section. Blood is drawn firom each 
fetal pig and analyzed for the presence of the suicide transgene using PCR. Serum is 
tested for the presence of human liver proteins, including albumin, al -antitrypsin, and 
serum amyloid A. Sections of liver are frozen and stained for human albumin* 

[125] Piglets without the thymidine kinase transgene express levels of human albumin, al- 
antitrypsin inhibitor and serum amyloid A at less than 1% of levels seen in humans. 
Piglets with the thymidine kinase suicide transgene have levels of the fhreo proteins at 20 
to 37% of normal human values. Sections of liver fix)m pigs without the suicide 
transgene show scattered lobules of human hepatocytes {e.g., less than 2% of the total 
liver). Liver sections firom pigs with tibie thymidine kinase suicide gene show large areas 
engrafted with human hepatocytes (e.g.^ an average of 25% of the total liver). 

[126] Thus, extensive engraftment of the f^al pig liver with human hepatocytes can be 
achieved by exposing fetal pigs having a thymidine kinase suicide transgene to the 
prodrug gancyclovir, whereas pigs without the suicide transgene show very linaited 
engraftment. 

EXAMPLES 

Conditional and selective destruction of host cells after an animal is bom 

[127] Transgenic boars are produced fliat express the suicide gene thymidine kinase under the 
albumin promoter. Accordingly, the suicide gene is preferentially expressed in 
hepatocytes, particularly in juvenile and adult pigs. 

[128] The transgenic boars (preferably homozygous for the suicide gene) are bred with wild 
type gilts or sows. During fetal development (30 to 90 days gestation, preferably 40 to 60 
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days), the fetal pigs are injected with progenitor or stem cells that develop into human 
hepatocytes. They may be htmian hepatocytes from isolated human cadavers. One to 20 
million hepatocytes (preferably 2 to 5 million) are injected into the liver or abdomCTi of 
each fetal pig. 

[129] After birth of the pig, the serum or liver may be examined for evidence of human cells. 
The prodrug for thymidine kinase, such as gancyclovir is administered to the pig, at a 
dose known to destroy a portion of the of pig hepatocytes. Following recovery, the 
prodrug may be administered on multiple occasions. 

EXAMPLE 9 

Conditional and selective destruction of host cells after an animal is bom 

[130] Transgenic mice are produced that express the thymidine kinase gene under the albumin 
promoter. The male mice are bred wifli wild type females. Human hepatocytes (2x10^ 
per fetal mouse) are injected at 17 days gestation, just prior to delivery. At 14 days of 
age, the mice are injected with gancyclovir (50 mg/kg) on days 1 and 3 or with the 
vehicle. Thirty days later, the mice are sacrificed. The mice treated with gancyclovir 
show substantially greater engraftment with human hepatocytes than the controls not 
treated with gancyclovir. 

EXAMPLE 10 

Replacement of host cells with transfected cells to produce models of human disease 

Conditional SCID Pig with transgenic pigs expressing thymidine kinase under the 
jak3 kinase promoter. 

[131] Mice and humans with X-linked immune deficiency have nearly absent T lymphocytes 
and deficient B lymphocytes. In both species, the X-SCID is associated with a mutation 
of the jak3 tyrosine kinase. Sequencing of the promoter shows a high degree of 
conservation between humans and mice (32). In contrast to typical SCID models, the 
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conditional SCID pigs are immnne competent until treated with tiie prodrug. They are 
therefore much easier to produce. The conditional SCID pig is very useful for many 
different purposes, including development of stem cell transplants, development of 
surrogate tolerogenesis, or cancer research. For example, the conditional SCID pigs can 
be made immune deficient and transplanted with a human tumor line that metastasizes to 
the liver. New procedures for ablation of metastatic tumors can then be tested. 

[132] The porcine promoter for jak3 is isolated from a cDNA library and expanded using 
primers flanking the 5' and 3' regions. The porcine sequence is determined. The albumin 
promoter in the pTracerpAlbxTK plasmid is replaced with the porcine jak3 promoter. 
Transgenic pigs are produced and screened for the transgene in the bone marrow. Bone 
marrow is fiirther screened for mRNA by RT-PCR. 

[133] The transgenic herd is expanded through cloning or breeding. 

[134] Transgenic pigs are treated weekly with Gancyclovir. The peripheral blood is evaluated 
at weekly intervals for T cells, B cells and inomunoglobulins. 

[1351 EXAMPLE 11 

Replacement of host cells with transfected cells to produce models of human disease 

Conditional knockout and replacement of endothelial cells with transgenic pigs 
expressing thymidine Jdnase under the von Willebrand promoter. 

[136] The primary target of rejection in organ xenografts is the endothelium. Most work with 
transgenic pigs has focused on modifying the endothelium, complement inhibitors 
and knockout of the alphaGal antigen. The pace of this research, however, is limited by 
the time required to produce a new line of transgenic pigs. In vitro tests can be 
performed with transfected cultured endothelium. There are no good in vitro assays of 
acute vascular rejection, however. A transgenic pig herd with a suicide gene expressed in 
&e endothelium can be produced, which allows replacement of native endothelium with a 
test endothelium that is genetically modified. With this system, the hybrid pig organ can 
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be tested by transplantation. Multiple modifications can be compared. When the optimal 
genetic modification is achieved, transgenic pigs for clinical use can be produced. The 
pace of xenotransplant research can be accelerated by a factor of 10. These pigs are also 
valuable for studying hematopoiesis, atherosclerosis, and to develop better stents. 

[1371 The porcine von WiUebrand promoter is isolated and inserted into the pTraceipAlbxTK 
plasmid in place of the porcine albumin promoter. Fetal pig fibroblasts are transfected. 
Transgenic pigs are produced by nuclear transfer. At delivery, cord blood is screened by 
PGR for the transgene in the DNA. The umbilical cord is infiised with trypsin and the 
endothelial cells cultured. The cells are analyzed by RT-PCR and Western blot for the 
production of the TK mRNA and enzyme. The herd is expanded through cloning or 
breeding. 

[138] Endothelial progenitor cells are isolated from cord blood of non-transgenic pigs using 
Meltenyi beads and antibodies to porcine CD34 or CD31. The progenitor cells are 
transfected with yellow g^ under a universal CMV promoter. The transfected ceUs are 
infiised into fetal pigs. The pigs are subsequently administered the prodrug Gancyclovir 
to deplete a population of native endothelial cells. Pigs are euthanized. Lung and Uver 
sections are cannulated, washed and perftised with trypsin to isolate endothelial cells. 
The relative number of ceUs with yeUow fluorescence is quantified by flow cytometry 
and compared with similar engraftment studies performed with nontransgenic pigs. 

EXAMPLE 12 

Replacement of host cells with transfected cells to produce models of human disease 

R^lacement of native animal cells with cells from a human with congenital 
abnormality. 

[139] To produce an animal model of Gawcher's disease, hepatocytes from a human cadaver are 
isolated and injected into fetal transgenic pigs expressing a suicide gene, such as 
thymidine kinase under the albumin promoter. Later, the native pig hepatocytes are 
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depleted by administered a sublethal dose of the prodrug gancyclovir. This can be done 
on multiple occasions. 

EXAMPLE 13 

Replacement of host cells with transfected cells to produce models of human disease 

Replacement with cells in which the test gene has been inserted between Cre-Lox 
or FLP codes by the appropriate recombinase enzyme. 

[140] To produce more predictable outcomes, the replacement cells can come from a herd of 
transgenic animals with the Cre-Lox or FLP marker genes. The ^propriate recombinase 
enzyme can replace the DNA between the markers with the desired transgene. Herds can 
then be readily produced that compare differ^t genes for the development of the disease. 
For example, difTerent apolipoproteins can be produced by different herds and the 
development of coronary atherosclerosis determined. 

[141] All patents, patent applications, and scientific references cited in this disclosure are 
expressly incorporated by reference in their entireties. 
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